The UBC Brock Commons building in Vancouver, which comprises of 18 stories and stands 53 m in height, was at the time of completion in 2016 the world's tallest hybrid wood-based building. The building's 17 stories of mass-timber superstructure, carrying all gravity loads, rest on a concrete podium with two concrete cores that act as both the wind and seismic lateral load-resisting systems. Whereas the construction of the concrete cores took fourteen weeks in time, the mass-timber superstructure took only ten weeks from initiation to completion. A substantial reduction in the project timeline could have been achieved if mass-timber had been used for the cores, leading to a further reduction of the building's environmental footprint and potential cost savings. The objective of this research was to evaluate the possibility of designing the UBC Brock Commons building using mass-timber cores. The results from a validated numerical structural model indicate that applying a series of structural adjustments, that is, configuration and thickness of cores, solutions with mass-timber cores can meet the seismic and wind performance criteria as per the current National Building Code of Canada. Specifically, the findings suggest the adoption of laminated-veneer lumber cores with supplementary 'C-shaped' walls to reduce torsion and optimize section's mechanical properties. Furthermore, a life cycle analysis showed the environmental benefit of these all-wood solutions.
Introduction
While wood, as the most important renewable structural material, has always been an essential part of the built environment [1] , the importance of using sustainable construction materials is increasing with the rising global demand for housing and an increase in the understanding of the impacts our built environment has on climate change. Multiple studies, for example, [2, 3] , demonstrated the favorable environmental balance when using wood or its engineered wood product derivatives as building material when compared to concrete or steel. As a consequence of the increasing push towards lower carbon footprint buildings, there is a growing effort worldwide to develop solutions for the key strategic market of mid-rise buildings and to prepare solutions for high-rise buildings.
Two recent publications, 'Technical Guide for the Design and Construction of Tall Wood Buildings in Canada' [4] and 'Use of Timber in Tall Multi-Story Buildings' [5] are testament to the renewed interest in tall timber buildings. This development has also been labelled a 'Renaissance,' as the construction of tall (up to nine stories) post and beam timber buildings with exterior by walls made of un-reinforced brick was common practice in North America at the beginning of the 20th century but fell out of favor in the decades that followed [6] . Changes to the building codes around the world, than six stories and 18 m high and have a maximum area of 1200 m 2 . For buildings to exceed these constraints, they must be of non-combustible construction, have floor assemblies with a fire-resistance rating (FRR) no less than 2 h, be sprinklered throughout and use load-bearing elements that have a FRR no less than the supported assembly.
Given the code noncompliance, a performance-based approach was followed in the form of a Site-Specific Regulation (SSR) developed by the Authorities Having Jurisdiction (AHJ). In this case, the AHJ was the Province of British Columbia's Building Standards and Safety Branch (BSSB), authorized under the Building Standards and Safety Act. Obtaining approval was a challenge for this project, specifically considering the tight time-line. Many design decisions were made to keep the project simple and ensure its approval [28] . A key consideration was to get the AHJ involved and communicate the intent of the design solutions. Given the noncompliance with the code, the SSR was developed by the AHJs. The outcome of the SSR was a regulation that is only applicable to the site that is concerned by the project. Therefore, while setting an important precedent, this specific SSR does not allow for future tall wood buildings of similar design to be approved without a new process.
The SSR process involved both a structural review expert panel and a fire safety expert panel. The two panels met twice, with the final presentation being made by the design team in June 2015 to get approval by September 2015. During the structural review, feedback was sought from the expert panels on whether the proposed design was too conservative, thus adding unnecessary cost to the project and which seismic load assumption to apply [28] . To mitigate the fire safety concern, it was decided to fully equip the building with sprinklers, including a reserve water tank to ensure sprinklers will work if the main water line is interrupted. Additionally, all structural timber components were encapsulated in gypsum wall-boards to comply with a 2 h FRR.
Structural System
A key driver in developing and detailing the design was the use of tested solutions, which were code compliant and/or certified by product approvals. In other words, while the project itself was innovative, its components were designed for simplicity and standard-compliance use. A full-scale two-story mock-up, consisting of a core wall and three-by-three bays, allowed the project team to test the constructability of the system, refine the chosen products and processes and to validate some decisions, for example, the connection details and the construction of the prefabricated envelope panels [31] .
The building's structural system is a hybrid configuration ( Figure 1 ) and is supported by 2.8 × 2.8 × 0.7 m thick reinforced concrete spread footings. Each core is supported by a 1.5 m raft slab that includes soil anchors and a 250 mm thick wall on a strip footing is located at the perimeter of the building's foundation. The second floor, also made of concrete, acts as a transfer slab. The building's superstructure comprises of the concrete podium and cores, the mass timber columns and floors, as well as the steel roof structure. The decision to go to a hybrid structural solution was taken early on in the project and was paramount in setting the direction for the project approval. The concrete podium houses the ground level amenities and provides high clearances and large spans in the public spaces on the first floor of the building. The 2nd floor acts as a transfer slab and takes the gravity load of the 17 stories above and allows the ground level structural grid to be independent from the grid of the wood structure. The 450 mm thick cast-in-place reinforced concrete cores provide the rigidity to support lateral forces on the building as well as the vertical circulation, including the stairs and elevator shafts [28, 32] .
The primary framing consists of mass-timber columns (Parallam for the highest loaded zones and Glulam for the remainder) and a perimeter beam to support the building envelope. The typical column cross sections are 265 × 265 mm and 265 × 215 mm on the upper levels with the typical structural bay measuring 4 × 2.85 m. Although there were only four different panel lengths, most panels on a single floor were unique due to the configuration of multiple openings. The secondary framing consists of continuous CLT panels, eliminating the need for beams and increasing the speed of erection. One disadvantage of this solution was the fact that the columns had to be braced during construction, as they were free-standing until the top panel was in place [28, 32] .
The mass timber superstructure resulted in a building that is 7648 tons lighter than an equivalent concrete building, therefore requiring smaller footings and resulting in lower costs. However, in a high seismic zone such as Vancouver, this decrease in mass also resulted in lower resistance to overturning when compared to an equivalent concrete structure [32] . 
Connection Design
Some of the key challenges in designing the second level slab were the different reactions to lateral loads of the concrete and the wood components, the anchor bolt placement for the columns during construction and the coordination of the electrical and mechanical (e.g., water-lines) installations through the floors. The connections between the concrete slab and the wood columns are shown in Figure 2a . The connections between the CLT floor panels and the concrete core are another important interface, as it needs to account for the vertical shear transfer and the differential settlement between the wood and concrete structure, which was expected to be approx. 50 mm. The solution was a steel ledger angle (203 × 152 × 13 LLH) welded to a 300 mm wide embedded plate cast in the core at every 1500 mm and then screwed to the CLT panels, (see Figure 2b [28, 32] ). The CLT floor panels were also connected at their edges using 140 mm × 25 mm cross-section plywood splines.
The drag strap to core connection ensures that lateral loads are transferred to the core. The straps are 100 mm wide steel plates which vary in thickness between 6.4 mm and 12.5 mm depending on the floor level of the building and between 1.5 m and 7.2 m in length depending on orientation. The drag straps are welded to faceplates that are anchored to the core, as shown in Figure 2c . The connections between columns and panels represented a challenge as the interface simultaneously had to effectively transfer both the vertical loads as well as support the panel shear loads (column to column and column to panel). These connections also allow the panels to act as a diaphragm to transfer lateral loads to the cores, limit the transmission of vibrations and provide a 2 h FRR. A The mass timber superstructure resulted in a building that is 7648 tons lighter than an equivalent concrete building, therefore requiring smaller footings and resulting in lower costs. However, in a high seismic zone such as Vancouver, this decrease in mass also resulted in lower resistance to overturning when compared to an equivalent concrete structure [32] .
The drag strap to core connection ensures that lateral loads are transferred to the core. The straps are 100 mm wide steel plates which vary in thickness between 6.4 mm and 12.5 mm depending on the floor level of the building and between 1.5 m and 7.2 m in length depending on orientation. The drag straps are welded to faceplates that are anchored to the core, as shown in Figure 2c . The connections between columns and panels represented a challenge as the interface simultaneously had to effectively transfer both the vertical loads as well as support the panel shear loads (column to column and column to panel). These connections also allow the panels to act as a diaphragm to transfer lateral loads to the cores, limit the transmission of vibrations and provide a 2 h FRR. A welded HSS and steel plate assembly, as illustrated in Figure 2d , was chosen since it fulfills all of these requirements. Slightly oversized shims were used as needed to level the assembly and account for differential settlement, due to elastic shortening and shrinkage of the columns; and a 40 mm concrete topping fills the space between the columns and the CLT panels [28, 32] . welded HSS and steel plate assembly, as illustrated in Figure 2d , was chosen since it fulfills all of these requirements. Slightly oversized shims were used as needed to level the assembly and account for differential settlement, due to elastic shortening and shrinkage of the columns; and a 40 mm concrete topping fills the space between the columns and the CLT panels [28, 32] . 
Objectives
The construction process of the TWB displayed a significant difference in duration between the cores and superstructure. The construction of the cast-in-place reinforced concrete cores took fourteen weeks whereas the mass-timber superstructure, including the envelope, took just ten weeks. The construction of the TWB with mass-timber cores could have further decreased the schedule leading to cost savings and environmental benefits.
Based on this idea, the research team was motivated to investigate the structural feasibility of the TWB with mass-timber cores instead of concrete cores. Specifically, the impact of substituting the core material from concrete to timber on the lateral response of the building was evaluated based on dynamic analyses. As a secondary objective, a life cycle analysis was conducted to evaluate the environmental benefit of these all-wood solutions.
Numerical Investigation
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Numerical Investigation
Design Options
The architectural plan arrangement as shown in Figure 1b and the geometry of the original building were maintained. The LLRS was designed considering two engineered wood products, CLT and LVL. In addition to the original solution with only cores as LLRS, herein layout 1 (Figure 3a) , a supplemental option with cores and mirrored 'C-shaped' walls, herein layout 2 (Figure 3b ), was considered in the analyses in order to provide additional lateral strength and stiffness to the building. For comparison purposes, the as-built solution with concrete cores has also been included and was labeled D-1. For layout 1, four alternative design solutions were studied: D-2 and D-3 considering CLT cores and D-4 and D-5 with LVL cores. Analogously, for layout 2, in design solutions labeled D-6 and D-7 CLT-and LVL-based LLRS were modeled, respectively.
For D-2 and D-4, the cores were assumed to be monolithic mass-timber walls with completely rigid connections between individual panels. This assumption, however, is unrealistic from a practical point of view, even if using a large number of fasteners with high stiffness; and connection deformability represents a large amount in the deformation of the whole structure [33] [34] [35] . Therefore, for D-3, D-5, D-6 and D-7, a pragmatic approach was adopted where the stiffness properties of the cores were reduced by 50% to account for the joints distributed along the borders of the timber panels and through the height of the wall. Such an approach is frequently applied in practice for preliminary design without prior knowledge of the exact connector layouts (Personal conversation with Erik Karsh, Principal Equilibrium Consulting, Vancouver, BC, Canada). This simplified assumption of 50% reduction in core stiffness was taken as the lower bound while the monolithic core was taken as an upper bound for this case study on substituting the concrete cores in the TWB with mass-timber.
For D-1, which reflects the actual TWB design, each concrete core was considered as a coupled ductile shear walls system in the X-direction and partially-coupled ductile shear walls system in the Y-direction, the latter to account for large openings. Therefore, ductility, Rd and over-strength, Ro, factors were taken as 3.5 and 1.6 in the X-direction and 3.5 and 1.7 in the Y-direction, respectively, in accordance with the National Building Code of Canada (NBCC) [36] . For solutions D-2 and D-4 which were monolithic and for the remaining solutions D-3 and D-5-D-7, for which details and behavior of the connections had not been established, conservative values of 1.0 and 1.3 were assumed for Rd and Ro, respectively, as recommended by CSA 086-14 [37] for CLT systems other than platform-framing with limited aspect ratios of the panels and specific ductility requirements for the connections.
Material Parameters
35 MPa concrete [38] , 9-ply 315 mm thick E1M5 CLT panels [39] and 445 mm thick LVL panels [40] (five layers of 89 mm) were considered for the cores and additional walls, with mechanical characteristics provided by the manufacturers. Main materials properties considered in this study are reported in Table 1 , where E1 and E2 are modulus of elasticity in the 1-and 2-directions, respectively and G23, G13 and G12 are shear modulus respect to the 2-3, 1-3 and 1-2 directions. As a conservative design assumption, E2 of CLT panels was assumed equal to zero to account for the manufacturing process in North America, in which, in forming the CLT panels, boards are not glued at their edges. For D-2 and D-4, the cores were assumed to be monolithic mass-timber walls with completely rigid connections between individual panels. This assumption, however, is unrealistic from a practical point of view, even if using a large number of fasteners with high stiffness; and connection deformability represents a large amount in the deformation of the whole structure [33] [34] [35] . Therefore, for D-3, D-5, D-6 and D-7, a pragmatic approach was adopted where the stiffness properties of the cores were reduced by 50% to account for the joints distributed along the borders of the timber panels and through the height of the wall. Such an approach is frequently applied in practice for preliminary design without prior knowledge of the exact connector layouts (Personal conversation with Erik Karsh, Principal Equilibrium Consulting, Vancouver, BC, Canada). This simplified assumption of 50% reduction in core stiffness was taken as the lower bound while the monolithic core was taken as an upper bound for this case study on substituting the concrete cores in the TWB with mass-timber.
For D-1, which reflects the actual TWB design, each concrete core was considered as a coupled ductile shear walls system in the X-direction and partially-coupled ductile shear walls system in the Y-direction, the latter to account for large openings. Therefore, ductility, R d and over-strength, R o , factors were taken as 3.5 and 1.6 in the X-direction and 3.5 and 1.7 in the Y-direction, respectively, in accordance with the National Building Code of Canada (NBCC) [36] . For solutions D-2 and D-4 which were monolithic and for the remaining solutions D-3 and D-5-D-7, for which details and behavior of the connections had not been established, conservative values of 1.0 and 1.3 were assumed for R d and R o , respectively, as recommended by CSA 086-14 [37] for CLT systems other than platform-framing with limited aspect ratios of the panels and specific ductility requirements for the connections.
35 MPa concrete [38] , 9-ply 315 mm thick E1M5 CLT panels [39] and 445 mm thick LVL panels [40] (five layers of 89 mm) were considered for the cores and additional walls, with mechanical characteristics provided by the manufacturers. Main materials properties considered in this study are reported in Table 1 , where E 1 and E 2 are modulus of elasticity in the 1-and 2-directions, respectively and G 23 , G 13 and G 12 are shear modulus respect to the 2-3, 1-3 and 1-2 directions. As a conservative design assumption, E 2 of CLT panels was assumed equal to zero to account for the manufacturing process in North America, in which, in forming the CLT panels, boards are not glued at their edges. 
Design Requirements
Design options D-1-D-7 were studied considering structural performance as prescribed by NBCC [36] . Inter-story drift limits of 2.5% and 0.2% (1/500) were considered a requirement for seismic and wind design, respectively, with an important factor of 1 associated to the building. To evaluate the seismic load in both directions of the building, the uniform seismic hazard spectrum (UHS) from the Geological Survey of Canada [41] (c.f. Figure 4 ) was used based on the TWB's location and assuming site class C. For the wind design, the reference velocity pressure for Vancouver provided in NBCC [36] was considered, along with an important factor of 0.75 and an exposure factor as per open terrain sites. 
Numerical Model
A model was developed using the commercial software RFEM [42] reflecting the original geometry and assumptions adopted by the structural designers of the building [32] . Appropriate boundary conditions and types of elements were used to describe the response of the structural members of the building. Fixed end-node restraints were adopted for concrete columns, slabs and cores, whereas timber elements were assumed pinned at their ends.
Columns were modelled using 1-D linear elements, while slabs and cores were modelled with 2-D plate elements ( Figure 5 ). The material stress-strain law was assumed isotropic linear elastic-plastic for concrete, equivalent isotropic linear elastic for wood in the columns since they were subjected to axial loading only and orthotropic linear elastic for wood in both solutions with CLT and LVL panels. The layered structure of CLT panels was modelled using the RF-laminate add-on module to account for their crossed directions. 
Analysis
Modal Analysis (MA), Linear Dynamic Response Spectrum Analysis (LDRSA) and Dynamic Wind Analysis (DWA) were carried out for design options D1-D7.
The MA was executed to determine the natural mode shapes and free vibration frequencies of the building at different variations of the LLRS. Seismic mass used in determining mode shapes considered a load combination of 1.0·Dead + 0.5·Live + 0.25·Snow. The same load combination was used to evaluate the initial stiffness of the structure when the induced axial forces in all the structural members were also considered in the model. To limit computation times, only the first ten modes of vibrations were assessed and used in the analyses.
The LDRSA were performed using the UHS response spectra as defined in Figure 4 . Equivalent loads were generated based on each mode of vibration. The resulting loads were applied to the diaphragms assuming a ±0.1D eccentricity as per NBCC [36] , where D represented the plan dimension of the building perpendicular to the direction of acting load. The complete quadratic combination of the resulting modes of vibration with a 5% damping ratio was used to assess the final lateral loading of the building. Base shear and lateral deflection expressed in terms of inter-story drift values were derived for each of the design options from D-1 to D-7.
The DWA was executed following the procedure set out in the NBCC [36] . Windward, leeward and side pressures were applied to each floor, with the analysis considering the wind acting separately along each principal horizontal axis of the building. The pressure was considered as a uniform line load acting along the perimeter of any given floor, with only the main combination that included 100% of the wind load acting on the building being considered in the analyses.
Results and Discussion
Dynamic Elastic Behavior
The results of the MA are expressed in the form of periods and mass-participation ratios given in respect to the total seismic mass. Specifically, Table 2 reports the 1st (T1), 2nd (T2) and 3rd (T3) periods of vibration of the relative mode as they correspond to the translational modes along the Xdirection, Y-direction and torsional mode, respectively. The sum of the mass-participation ratios considering the first ten modes of vibration for both the X-(∑mx) and Y-direction (∑my) are also included as well as the first three periods of vibration calculated by the designers of the TWB (D-1*) (Personal conversation with Robert Jackson, Project Engineer Fast + Epp, Vancouver, BC, Canada). Figure 6 illustrates the first three modes shapes exemplarily for the design D-1 with the first mode being translational in X-direction, the second mode translational in Y-direction and the third mode torsional, confirming the impact of the stiffness eccentricity on the behaviour of the LLRS. 
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Results and Discussion
Dynamic Elastic Behavior
The results of the MA are expressed in the form of periods and mass-participation ratios given in respect to the total seismic mass. Specifically, Table 2 reports the 1st (T 1 ), 2nd (T 2 ) and 3rd (T 3 ) periods of vibration of the relative mode as they correspond to the translational modes along the X-direction, Y-direction and torsional mode, respectively. The sum of the mass-participation ratios considering the first ten modes of vibration for both the X-(∑m x ) and Y-direction (∑m y ) are also included as well as the Figure 6 illustrates the first three modes shapes exemplarily for the design D-1 with the first mode being translational in X-direction, the second mode translational in Y-direction and the third mode torsional, confirming the impact of the stiffness eccentricity on the behaviour of the LLRS. 
Lateral Response
Results from the LDRSA, listed in Table 3 , are expressed in terms of base shear (Vb,X and Vb,Y), elastic values and design values within brackets and maximum inter-story drift values (θmax,X and θmax,Y). The inter-story drift profiles for both the X-and Y-directions under seismic loads are shown in Figure 7 . The resulting base shear and inter-story drift under winds loads are included in Table 4 , while Figure 8 shows the matching inter-store drift profiles for the X-and Y-directions. 
Results from the LDRSA, listed in Table 3 , are expressed in terms of base shear (V b,X and V b,Y ), elastic values and design values within brackets and maximum inter-story drift values (θ max,X and θ max,Y ). The inter-story drift profiles for both the X-and Y-directions under seismic loads are shown in Figure 7 . The resulting base shear and inter-story drift under winds loads are included in Table 4 , while Figure 8 shows the matching inter-store drift profiles for the X-and Y-directions. 
Discussion
A satisfactory match between the building's first, second and third periods of vibration obtained by the designers of the TWB (D-1*) and from the MA using the numerical model presented herein (D-1) was found, see Table 2 . Therefore, the numerical model developed herein was considered acceptable for the scope of this work.
From the MA, except for D-5 in the Y-direction, the results did not satisfy the 90% modal participation rate requirement of NBCC [36] . However, the modal mass participation rate in case of timber-based LLRS (D-2-D-7) ranged between 83% and 89% and only option D-1 with concrete LLRS 
From the MA, except for D-5 in the Y-direction, the results did not satisfy the 90% modal participation rate requirement of NBCC [36] . However, the modal mass participation rate in case of timber-based LLRS (D-2-D-7) ranged between 83% and 89% and only option D-1 with concrete LLRS was observed particularly distant from the 90% limit with ∑mx = 77% and ∑my = 61% mass participations. Therefore, the analysis did not consider all significant modes of vibration. However, as per the stated objective of this study, the results were used for comparative purposes only. The difficulty in reaching the limit considering the first ten modes provided a rough measure of the structural irregularity in elevation. An improvement was shown by adopting timber-based LLRS instead of concrete, demonstrated by comparing D-1 with the worst case scenario of D-6, with ∑mx = 83% and ∑my = 83% mass participations respectively.
The periods of the building for the CLT LLRS solutions D-2, D-3 and D-6 increased to values beyond 2 s, in some cases significantly larger than those of D-1. Periods also diverged from the target period obtained by dividing the number of stories by ten, which is 1.8 s for the TWB building. With periods as long as 6 s, as per direction X of D-3, high sensibility to wind dynamics, soil-structure interaction and second-order effects are expected, along with other design issues commonly associated with suspension bridges. Besides, with respect to all CLT solutions, independent of the mode and direction of vibration, as well as layout considered, a sensitivity for higher modes and damage under low to moderate earthquakes could be expected. The increase of periods in case of LVL LLRS solutions was also notable, however, peak values were much lower compared to the CLT solutions. The most reasonable increases of T 1 , T 2 and T 3 compared to D-1 were observed for D-7 with 40%, 73% and 77%, respectively.
The replacement in the LLRS of concrete with mass-timber increased the lateral flexibility of the building, which, together with the associated decreased of mass, reduced the acceleration induced by earthquakes. As a result, there was a reduction of the elastic base shear, particularly evident in D-3 which had 32% reduction with respect to D-1. Despite this advantage, due to the conservative approach adopted for the reduction factors R o and R d , the design base shear was found on average twice as high than that of the concrete system leading to the need for stronger base anchorages.
From the maximum inter-story drift in both directions, the change from concrete to timber LLRS increased the lateral deflection of the building, especially along the Y-direction where the large core openings significantly reduced the stiffness of the structure. Examining the maximum seismic inter-story drifts compared to the original design option D-1, the average increase was 76% and 104%, for the X-and Y-direction, respectively. Focusing on CLT LLRS, little benefit was observed by changing the layout, for example, comparing D-3 with D-6, which gave θ max of 3.2% and 2.9%, respectively. Besides, the CLT panels used were already the thickest commercially available in Canada. These findings suggest that additional shear walls are needed when CLT is to be used as core material for a tall building.
LVL LLRS provided a more suitable response since panels with higher in-plane stiffness are available. Only D-4 and D-7 provided code compliance; in the best-case scenario, D-4, structural performance was found comparable to that of D-1. Similar to the CLT models, however, the adoption of additional 'C-shaped' walls only led to small improvements of the building performance; in fact, moving from D-5 to D-7 only decreased maximum seismic inter-story drifts from 2.6% to 2.5%. As a result, to reduce the drift caused by earthquakes, the adoption of additional walls proved ineffective to reduce inter-story drift, however torsional sensitivity of the building when loaded in the X-direction was significantly reduced. This benefit was partially off-set by the increase in stiffness which led to an increase in the attracted forces into the LLRS walls.
Dynamic effects of wind assessed by DWA were particularly high in case of mass-timber LLRS, which was caused by the increased in flexibility. In fact, even though the wind exposed are in X-direction of the building is small, a significant increase of the base shear was observed (on average 26% higher than the concrete option D-1). Furthermore, timber-based solutions resulted in base shear 9% and 50% larger than D-1 in the best and worst case scenario, D-7 and D-3, respectively. Higher wind loads on the building induced by the flexibility of the timber systems were confirmed when compared to the static procedure, applicable in case of design option D-1. However, despite the difference between the X-and Y-direction induced by the surface area, the elastic base shear caused by wind resulted in one order of magnitude below that required under seismic load.
The analysis of the inter-story drifts caused by wind, which should be below 0.2% to ensure serviceability, was consistent with the seismic analyses, having exceeded the limit in the Y direction in all cases with CLT LLRS but showed acceptable results for LVL design options D-4 and D-7. The addition of 'C-shaped' walls as per layout 2 demonstrated to be very advantageous, in contrast to what was observed under seismic loads. Comparing D-3 with D-6 and D-5 with D-7, the drift in the Y-direction passed from 0.52% to 0.32% and from 0.22% to 0.14%, respectively. Similarly, a consistent reduction in the X-direction was observed with values up to 19% less in layout 2 compared to layout 1. Design option D-7 was confirmed to be the preferred and code-compliant solution.
Life Cycle Analyses
Methods
A life-cycle assessment (LCA) analysis was conducted on the design options with mass-timber cores and additional 'C-shaped' shear walls (c.f. Figure 3b ) and the original concrete building (D-1). The environmental impact used the LCA software 'Athena Impact Estimator for Buildings' [43] , which provides an inventory of common construction assemblies and materials as well as their associated environmental impacts. The software also considers the location of the construction by applying local energy grids to energy use and transportation methods and distances [43] .
Several LCA approaches can be considered, with 'Cradle-to-Gate' or 'Cradle-to-Grave' the two most commonly used. The activities in a 'Cradle-to-Gate' assessment include production processes (material manufacturing including resource extraction and recycled content) and construction processes (installation; transportation) [43] . In addition, a 'Cradle-to-Grave' assessment includes the impacts that occur after the building's service life is complete, such as the effects of material recovery, recycling and carbon sequestration.
The environmental impact categories analyzed were those included in LEED v4 building LCA [44] : (i) global warming potential; (ii) stratospheric ozone depletion; (iii) acidification of land and water; (iv) eutrophication; and (v) depletion of non-renewable energy resources. The material quantities for each layout are input as separate projects and the program outputs the comparisons of environmental impact categories. The material quantities were determined from the individual numerical models. For the existing building, the core caps and staircases were constructed from 200 mm thick concrete, however, for the mass-timber layouts, these were replaced with 169 mm thick CLT panels. The amount of reinforcing steel in the concrete was approximated using assumptions of 2% and 1% for the reinforcement in the walls and slabs, respectively, leading to approximately 28 m 3 of steel with a mass of 218 tons. The material quantities used are listed in Table 5 . 
Results and Discussion
The Cradle-to-Gate environmental impacts for each category are illustrated in Figure 8a and quantities are given in an equivalent unit. For example, kilograms of carbon dioxide are used as an equivalent unit to measure global warming potential. Figure 9 shows the difference in impacts for each building design using the existing building (D-1) as a baseline with 100% for all categories.
sequestration. For the concrete design, however, including the impacts beyond the building life increases the global warming potential. The Cradle-to-Grave impact assessment causes no significant change in the other four impact categories.
Analyzing the results from Athena Impact Estimator for Buildings it is evident that the use of mass-timber cores in place of concrete has significant environmental benefits for the UBC TWB. Regarding the Cradle-to-Gate impacts, the concrete core building has the highest impact in all but one category when compared to the mass-timber layouts. Design D-3 with LVL walls has a 3% higher eutrophication potential when compared to D-1 with concrete, however, it is significantly lower in all other impact categories. For the mass-timber layouts, the more material used, the higher the environmental impact of the building. Conversely, when looking at the effects beyond the building life (Cradle-to-Grave assessment) the larger volume of timber corresponds with a decrease in global warming potential due to the carbon sequestration of the wood.
(a) (b) Figure 9 . LCA: (a) 'Cradle-to-Gate' impact categories and (b) total global warming potential.
Conclusions
The objective of this work was to investigate the feasibility of using mass-timber cores (designed in CLT and LVL) and an option with additional 'C-shaped' mass-timber walls to replace the concrete cores of the UBC Tall Wood Building. Based on the Finite Element, Modal, Linear Dynamic Response Spectrum, and Dynamic Wind as well as Life Cycle Analyses, it can be concluded that:
•
The side position of the cores induced a notable torsional component on the lateral response of the building, particularly evident in the case of mass-timber cores. The findings suggest the inclusion of additional shear walls to help reduce plan torsional sensitivity; • Only design options D-4 and D-7 with LVL walls met all NBCC lateral design requirements; however, only the solution with additional 'C-shaped' walls appears feasible since it is unrealistic for timber panels to use completely rigid joints to build monolithic cores as assumed for D-4; • The LVL design D-5, which had the stiffness of cores reduced by 50% to account for the joints between panels as per the authors simplified preliminary design assumption, exhibited seismic and wind performance close to code limits of 2.5% and 0.2%, respectively; • Even for a model assuming monolithic cores, it seems unreasonable to pursue the solution with CLT for the TWB with the original layout. This recommendation is also conditioned by the commercially available CLT panel thickness, currently limited to 315 mm in Canada; • The LCA demonstrated that the use of a mass-timber LLRS for the UBC TWB would have significant environmental benefits in regard to the impact categories recognized by LEED v4; When analyzing the environmental impact of timber, including the effects that occur beyond the building life have a significant impact on the global warming potential. This is because wood sequesters carbon from the atmosphere [45] and effect which is taken into consideration at the end of its useful life in the building. Figure 8b shows that the global warming potential for the mass-timber design is negative, that is, using mass-timber reverses the effects of global warming due to carbon sequestration. For the concrete design, however, including the impacts beyond the building life increases the global warming potential. The Cradle-to-Grave impact assessment causes no significant change in the other four impact categories.
Conclusions
•
The side position of the cores induced a notable torsional component on the lateral response of the building, particularly evident in the case of mass-timber cores. The findings suggest the inclusion of additional shear walls to help reduce plan torsional sensitivity; • Only design options D-4 and D-7 with LVL walls met all NBCC lateral design requirements; however, only the solution with additional 'C-shaped' walls appears feasible since it is unrealistic for timber panels to use completely rigid joints to build monolithic cores as assumed for D-4;
• The LVL design D-5, which had the stiffness of cores reduced by 50% to account for the joints between panels as per the authors simplified preliminary design assumption, exhibited seismic and wind performance close to code limits of 2.5% and 0.2%, respectively; • Even for a model assuming monolithic cores, it seems unreasonable to pursue the solution with CLT for the TWB with the original layout. This recommendation is also conditioned by the commercially available CLT panel thickness, currently limited to 315 mm in Canada;
The LCA demonstrated that the use of a mass-timber LLRS for the UBC TWB would have significant environmental benefits in regard to the impact categories recognized by LEED v4; • Future research should investigate (i) the stiffness and capacity of horizontal and vertical connections for CLT and LVL cores; (ii) the impact of adding un-bonded post-tensioned cables; and (iii) the behavior of balloon-framed CLT/LVL systems to provide R o and R d factors; • With such further research, code provisions and design rules could be developed to increase the use of mass-timber as lateral load-resisting systems.
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